The effect of variation in berry size on berry composition was studied in irrigated Syrah/R99 grapevines, located in a temperate area of South Africa. Berries from 45 clusters, sampled from both sides of the canopy (east and west), were weighed to create four categories: 1. less or equal to 1.5 g; 2. between 1.51 g and 2.00 g; 3. between 2.01 g and 2.50 g; 4. more than 2.50 g. Berry physical characteristics were determined and total anthocyanins and seed flavonoids were analysed by spectrophotometry and anthocyanin profiles by HPLC. The ratio of skin weight:berry weight did not change with increasing berry size, but the ratio of seed weight:berry weight increased. For total anthocyanins, varying results were obtained if values were expressed in mg/berry, mg/g skin, mg/kg grape and mg/cm 2 skin. The quantity of total anthocyanins changed positively with increasing berry weight if expressed in mg/berry and remained almost similar if expressed in mg/cm 2 of skin. In contrast, total polyphenols decreased with berry weight if the values were expressed in mg/kg grape and in mg/g skin. Total anthocyanins expressed in mg/kg grape and in mg/g skin were correlated positively to the number of berries as well as to the total skin surface in one kilogram of grape. In this study, the largest berries seemed to have lower quality characteristics. In order to obtain better wine quality, it seems important to reduce berry weight and, in general, berry size variability of Syrah. The obtainment and continuity of a particular wine style may be affected by berry variability.
INTRODUCTION
Irrespective of cultivar characteristics, total polyphenols and their qualitative profiles are influenced by interactions of environmental factors and cultivation techniques, such as irrigation, pruning, canopy management, row orientation, etc. (Hunter et al., 1995; Haselgrove et al., 2000; Mateus et al., 2001 Mateus et al., , 2002 Ojeda et al., 2002; Deloire et al., 2005; Downey et al., 2005; Petrie & Clingeleffer, 2006; Poni et al., 2006; Castellarin et al., 2007; Cortel et al., 2007; Bindon et al., 2008; Holt et al., 2008; Tarara et al., 2008; Hanlin et al., 2009; Chorti et al., 2010; Hunter et al., 2010) . Furthermore, these factors may also affect berry size and modify proportions of skin, flesh and seed in the grapevine berry. Differences in berry size may affect red wine quality by altering the skin:flesh ratio and modifying the amount of solutes extracted from skins during maceration Walker et al., 2005; Matthews & Kriedemann, 2006; Matthews & Nuzzo, 2007) . In fact, if berry shape is considered a sphere, the berry surface:volume ratio decreases when berry size increases according to the ratio 3/radius (where surface area = 4πr 2 and volume = 4/3πr 3 ). However, , comparing different irrigation treatments, showed that in well-watered grapevines the fresh weight skin:flesh ratio was independent from berry size and did not vary according to the relationship between surface and volume of a sphere. The skin:flesh ratio changed only when berry flesh weight was affected in vines subjected to water stress after véraison. Holt et al. (2008) showed that changes in polyphenolic composition of Cabernet Sauvignon grapes depended not only on berry size modification, following pruning treatments, but also on variation in polyphenolic synthesis determined by several natural factors (temperature, rainfall, soil moisture, etc.) in different years. showed that, although total skin anthocyanins and seed tannins increased in relation to the size of berries, these components were more influenced by irrigation treatments than by berry size changes per se. Moreover, comparing wines from "small" and "large" berries, Walker et al. (2005) came to the conclusion that berry size did not affect wine quality. However, Holt et al. (2008) found that relations between berry size, must composition and wine quality were not straightforward. In fact, berries from machine-pruned vines were smaller and with a higher amount of anthocyanin and tannin than those from cane-and spur-pruned vines, but the wine had the lowest quality score. Other researchers found similar results (Hunter et al., 1991; Johnstone et al., 1995) , indicating that there is no linear, simple relationship between grape composition and wine quality. showed that this non-linear relationship may be due, amongst other factors, to the complexity of anthocyanin molecules, affecting time of extraction from Syrah grape skins during winemaking.
Although berry size can affect grape quality, little is known about its variability in the vineyard and how environmental factors and cultural practices can modify this aspect . Length of the flowering period and inflorescence size may play a role in generating berry weight variability, both within and between clusters (Poni & Libelli, 2008) . Furthermore, variability in berry size can be exacerbated or mitigated by cultural practices and environmental factors that occur during floral differentiation as well as during and after flowering (Gray & Coombe, 2009 ).
This study was done in a vineyard without any obvious abiotic and biotic stress. The purpose was to determine whether natural variation in berry size could affect, 1) grape composition and, 2) relative proportions of skin, flesh and seeds in the berry. A further purpose of the study was to determine relationships between berry phenolic composition and the different berry components (skin, flesh, seeds) in relation to berry size.
MATeRIALS AND MeTHODS

Experimental vineyard and layout
The study was done at the experiment Farm of ARC Infruitec-Nietvoorbij in Stellenbosch, South Africa. A micro-sprinkler irrigated, N-S orientated vineyard of Vitis vinifera L. cv. Syrah (clone SH1A), grafted onto Richter 99 (Vitis berlandieri x Vitis rupestris) (clone RY2A), was used. Vines were spaced 2.75 m × 1.5 m on a Glenrosa soil with western aspect (26° slope) and trained onto a 7-wire (cordon wire and three sets of movable wires spaced 15 cm) VSP trellising system with cordon wire at 60 cm. Vines were pruned to two-bud spurs with a spur spacing of approximately 15 cm. Canopies were suckered, shoot positioned and tipped/topped. No leaf removal was done in the canopies.
Three samples (replicates) of 15 bunches each were randomly collected from each canopy side (east and west) at a soluble solid concentration of about 23 °Brix. Berries from the 15 bunches/replicate (n=6) were separated from the pedicel by scissors, weighed and divided into four pre-determined size categories on the basis of preliminary observations: 1) less than or equal to 1.50 g, 2) between 1.51 g and 2.00 g, 3) between 2.01 g and 2.50 g, and 4) more than 2.50 g. For each category, 150 berries per sample were selected, except for the highest category in which there were only 60 berries due to their limited presence in the clusters sampled. In total, 3060 berries were weighed, comprising four size categories and representing three replicates from each of the two canopy sides. One hundred and fifty berries per replicate were used to create three subgroups of 50 berries each (to be able to perform destructive measurements).
Measurements
The first subgroup was used to evaluate physical characteristics [berry volume, fresh berry weight, fresh and dry weight of skins and seeds, seed number, and skin surface (measured with a LICOR LI 3100 area meter)]. After weighing, berries were sliced in half with a razor blade and the skin flesh and seeds were carefully separated with a small metal spatula. Seeds were cleaned from residual pulp, blotted, and then weighed. Both skins and seeds were placed in an oven at 60 °C to dry until constant weight. Soluble solids (SSC; expressed in °Brix and g/ berry) and titratable acidity (TA; expressed as g tartaric acid/L) were determined on must obtained by crushing of the second berry subgroup. The third subgroup was used for polyphenol analysis of skins and seeds.
Polyphenols
For extraction of polyphenols from skins and seeds, a solution containing 2 g/L of SO 2 and 12% ethanol, at pH 3.2 (Di Stefano & Maggiorotto, 1995) , was used in an amount equal to berry weight, according to berry size categories (Ummarino et al., 2001) . All skins and seeds were homogenized by means of an Ultra-Turrax model T25 homogeniser (IKA Labortechnik, Staufen, Germany). After four hours at room temperature, homogenates were paper filtered.
Total anthocyanins and flavonoids
Total anthocyanins in skins (STA) and flavonoids in seeds (STF) were determined by spectrophotometry (LKB Biochrom Ultrospec). The extract (10 ml) was diluted 50 times with hydrochloric ethanol (ethanol, H 2 O and concentrated HCl, 70:30:1 v/v/v) and absorbance read at 540 nm and 280 nm. From these values, an estimate of total anthocyanins and flavonoids per berry (content) and mg per fresh weight of skin and mg per fresh weight of grape (concentration) or mg per cm 2 of skin (surface) was determined.
Anthocyanin profile
The anthocyanin profile analysis was carried out by a Hewlett Packard 1100 series HPLC, equipped with automatic degassing (HP 1200 series), quaternary pump, auto sampler, UV/Vis detector and LiChroCart 250-4 Purospher column RP-18 (Merck, Darmstadt, Germany) of 25 x 0.4 cm with particle diameter size of 5 μm. Sample preparation for chromatographic analysis was conducted as described by Di Stefano & Cravero (1991) . Before analyses, each sample was purified by means of a Sep Pak C18 cartridge (Waters, Milford, USA) and phenolic compounds eluted with methanol. Malvidin-3-monoglucoside and its respective acylated esters were identified on the basis of their retention times by comparison with data available in literature (Di Stefano & Maggiorotto, 1995) . The concentration of individual anthocyanins was quantified using malvidin-3-Oglucoside chloride (extrasynthèse, Genay, France) as external standard.
Statistical procedures
For all parameters, the mean and standard error for each size category were calculated. As the classes were almost equally spread (approximately 0.5 g between classes), the average berry weight of the class was taken as the independent variable in the linear regressions. The linear regression equation and coefficients of determination (R 2 ) are therefore reported if statistically significant. For each berry size category, the coefficient of variation of berry weight was also calculated. All statistical analyses were performed using SYSTAT 10.
ReSULTS
The average weight of berries (g) and their standard deviation for each category was: 1) 1.30±0.16, 2) 1.80±0.14, 3) 2.30±0.14, and 4) 2.75±0.18 (Table 1) . Skin and flesh fresh weight (FW) increased proportionally to the increase in berry weight ( Fig. 1a & 1b) . The proportions of skin and flesh therefore remained almost unaffected by berry size and showed only a slight increasing trend for the former and decreasing trend for the latter (Fig. 1d & 1e) . The proportion of skin weight was about 15%, similar to that reported by Walker et al. (2005) for Syrah. Seed fresh weight increased more than proportionally to berry fresh weight (Fig. 1c) , resulting in the proportion of seed weight being higher in the largest berries (Fig. 1f) . A significant linear regression was obtained, with 34% (R 2 ) of total variation explained by berry size categories. In the largest berries, skins exhibited the lowest ratio of dry weight:fresh weight ( Fig. 2a ), but not for the dry weight (g) per PHOTO 1 Seeds of berries in the smallest category.
PHOTO 2 Seeds of berries in the largest category. cm 2 of skin where the highest class showed a similar value to that of the second class (1.80g) (Fig. 2d) .
Seed weight was highly correlated to final berry weight because of increase in seed number from the smallest to the largest berries (Fig 3a) . This is in agreement with results found by others (Scienza et al., 1978; Cawthon et al., 1982; Di Lorenzo et al., 1991; Boselli et al., 1995; Ummarino & Di Stefano, 1996; Walker et al., 2005) . Fresh weight of a single seed did not vary significantly with berry weight (Fig 3b) . Seed colour appeared yellow-green in the largest berries and brown in the smallest berries (Photos 1 & 2). This is in agreement with the classification of Ristic & Iland (2005) and indicates a higher level of seed maturation for the smallest berries.
Although the total soluble solid content, expressed in g per berry, was positively related to berry fresh weight (Fig. 4a ), a negative relationship between must soluble solid concentration (SSC, °Brix) and berry size was observed (Fig. 4b ). This was also found by Ummarino & Di Stefano (1997) and . No correlation was found between berry size and juice titratable acidity (Fig. 4c ). The °Brix:TA ratio decreased with increase in berry size, indicating different styles of wine that may be obtained from different berry sizes (Hunter et al., 2004) . Skin total anthocyanin (STA) content, expressed in mg/berry, was positively correlated with berry weight and 65% (R 2 ) of total variation was explained by berry size (Table 1) . This is in agreement with results found by others (Ummarino & Di  TABLe 2 Berry numbers and skin surface/kg of grape, skin fresh weight/flesh weight ratio and skin surface/berry volume ratio (cm 2 /cm 3 ) in the four berry size categories. Mean values and standard error (n=6), linear equations, coefficients of determination (R 2 ) and significance at p ≤ 0.05 (*) or p ≤ 0.01 (**) and not significant (ns).
Variables
Berry Stefano, 1997; Matthews & Nuzzo, 2007; Holt et al., 2008; Poni & Libelli, 2008) . Skin total anthocyanins were negatively related to berry size when expressed in mg/ kg of grapes and mg/g of skin with a R 2 of 53% and 46%, respectively (Table 1) . The skin total anthocyanin content (mg/berry) increased by 52%, whereas the concentration (mg/kg of grapes and mg/g of skin) decreased by 27% and 30%, respectively, from the smallest to the largest berries (Table 1) . The rate of increase in skin anthocyanin content (mg/berry) was different from one category to another, less than the corresponding increase in berry weight. This was also found by and Matthews & Kriedemann (2006) . When expressed in mg/cm 2 of skin, the anthocyanin concentration changed independently from berry size and a reduction of only 5.7% occurred from the smallest to largest berries (Table 1 ). The skin:flesh weight ratio was not affected by berry size, similar to what was observed for the proportion (%) of skin fresh weight per berry (Fig. 1d) .
The number of berries per kg of grapes decreased by 52% (Table 2 ) and the skin surface of a single berry increased by 61% (Fig 3c) ; concomitantly, the total surface of skin per kg of grapes decreased by approximately 23% from the smallest to largest berry size. The skin surface (cm 2 ):berry volume (cm 3 ) ratio decreased by 23.4% between the extreme berry sizes (Table 2) . For these reasons, the highest anthocyanin amount per kg of grapes was found for the lowest berry weight CONCLUSIONS It is extremely difficult to control berry size under field conditions and the reasons for the size variation that often occurs are far from clear. The size of berries complicates results on grape composition and it is difficult to separate effects of environmental and cultural factors on phenolic composition, unless variation in berry size is considered. Overall, grape composition varied greatly with berry size. A reduction in berry size seemed desirable for the improvement of grape quality. Berry variability may also have implications for the obtainment and continuity of a particular wine style. Management practices should be focused on limiting berry variability in order to improve control over the ripening process, grape quality and wine style.
DISCUSSION
In comparison with other studies Walker et al., 2005; Matthews & Kriedemann, 2006; Holt et al., 2008) , this paper explored a different range of berry weights with a generally larger average berry size and with an upper weight class higher than 2.5 g. It contributes to the study of the relationship between grape quality and berry size without the influence of other factors (cultural or environmental).
From our observations, the proportions of skin and flesh were almost unaffected by berry size. This result is in contrast to the theoretical relationship between the surface and the volume of a sphere that can be expected to decrease as the volume of the sphere increases. However, this theoretical model is, obviously, based on the assumption that the skin weight per unit area remains constant independently from berry size. From our data it is evident that, similarly to what can be found in literature Walker et al., 2005 , Poni et al., 2009 , changes in skin:berry weight ratio in relation to berry size are low (<1%). This lack of change in skin:berry weight ratio might be ascribed to the increase in skin weight per unit area (Fig. 2b) observed in relation to berry size, which might compensate for the reduction that is expected from the simple geometrical hypothesis.
Under the conditions of the experiment, the skin and flesh contributions to total berry weight did not change significantly with berry size; in contrast, the percentage of seed weight varied, increasing with berry size. This was also found by , Walker et al. (2005) , Matthews & Nuzzo (2007) and Poni & Libelli (2008) . No significant relationships were found between skin anthocyanins (expressed in mg/berry and mg/kg of grape) and relative skin mass and skin fresh weight:flesh or berry weight ratio. However, found a positive linear regression between skin tannin and anthocyanin concentration (mg/g berry fresh weight) and relative skin mass. Moreover, Matthews & Kriedemann (2006) observed that approximately 70% of the variation in skin phenolic concentration could be explained by relative skin mass. In this study, the skin anthocyanin expressed in mg/cm 2 of skin did not vary with berry weight, implying that anthocyanin biosynthesis was not affected by berry size. The total anthocyanin content (mg/berry) and anthocyanin concentration (mg/kg of grapes and in mg/g of skin) were dependent on berry mass variation (Ummarino & Di Stefano, 1996; Matthews & Nuzzo, 2007; Bindon et al., 2008; Holt et al., 2008; Poni & Libelli, 2008 ) and on berry surface:volume ratio. Furthermore, anthocyanin concentration expressed in mg/kg grape was positively related to berry number and total skin surface per kilogram of grape, resulting in the smallest berries being characterized by the highest quantities of these components.
The largest berries, apart from having the highest number category ( Table 1 ). The seed total flavonoid (STF) amount, expressed in mg/berry and in mg/kg of grapes, increased with berry size (Table 1 ). The effect of berry size on the anthocyanin profile was not clear. The relative proportion of malvidin-3monoglucoside and malvidin-3-acetyl-glucoside appeared unaffected by berry size, whereas malvidin-3-p-coumaroylglucoside was lower in the smallest berries (Table 1) .
of seeds, showed a yellow-green colour (also Ristic & Iland, 2005) , which may indicate incomplete maturity and a lower lignification level compared to seeds of the smallest berries. This condition could imply better seed coat permeability and a higher level of extractable and possibly active, monomer (catechin) tannins from seeds of the largest berries. Moreover, the higher contribution of seeds to total berry mass in larger berries and the higher seed total flavonoid (STF) amount (Table 1 ) (also Matthews & Kriedemann, 2006) can also affect the amount of tannin that may be extracted during the winemaking process, as found by , and have significant implications for wine quality and style. Phenologically, the flowering and green berry stages, and perhaps even prior to that during differentiation of the primordia (Gray & Coombe, 2009) , seem critical in the determination of berry size. environmental conditions can, however, hardly be controlled to influence setting. Phenolic composition is directly affected by environmental factors and vineyard practices, both affecting their biosynthesis, whereas berry size seems to have an indirect effect.
